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Abstract—Tectonic structure of the Tien Shan was formed in the Late Paleozoic as a result of collision of sialic
blocks. Composite multistage deformations were the consequence of the interaction of these blocks. Paleomag-
netic and geologic studies show that during the Permian, a sinistral shear zone existed on the larger part of the
Tien Shan. Within this zone, a counterclockwise rotation of rock masses occurred. It was realized through plas-
tic deformation and longitudinal horizontal tectonic flow. Within the shear zone, a major extension zone marked
by alkaline magmatism came into existence. The zone of sinistral shear stresses was formed as a result of
oblique collision of the Kara Kum and Tien Shan continental blocks. After collision in the Carboniferous, the

Kara Kum block with the Tarim
crust. :

Tectonic structure of the Tien Shan was formed in
the Late Paleozoic as a result of collision of three sialic
blocks (Fig. 1). Block boundaries are now the Turke-
stan and the southern Hissar oceanic sutures. Compos-
ite multistage deformations were the consequence of
the interaction of these blocks.

After the Kazakhstan—Kyrgyz, Alai-Tarim, and
Kara Kum sialic blocks collided in the Carboniferous,
a composite continent was formed on the site of the
Tien Shan and Tarim. At this place, in the Late Carbon-
iferous and Permian, subaerial volcanic rocks (colli-
sional and rift-related), terrigenous continental, and shal-
low-water marine deposits accumulated. Only in the
remnant marine basins near the Turkestan collisional
suture (in the eastern Fergana and in the Dzhamandavan
Range), pelagic wrbidites continued to form until the
Asselian, Before the beginning of the Artinskian, marine
* sedimentation ceased throughout the Tien Shan.
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massif moved along the Tien Shan block initiating sinistral shear stresses in its

This paper discusses kinematics and dynamics of
the Late Paleozoic deformations on the basis of paleo-
magnetic and magmatic data for the Permian deposits
of the Tien Shan.

PALEOMAGNETISM
OF THE PERMIAN ROCKS

We studied paleomagnetism of the Permian rocks in
the western and central Tien Shan. We also used pub-
lished data acquired in the eastern (Chinese) Tien Shan,
in northern Dzungaria, and on the Tarim platform
(table).

Western Tien Shan. In the Hissar Range, volcanic
rocks of the Luchoba Formation and terrigenous deposits
of the Khanaka Formation were studied. The Luchoba
Formation was studied in the valleys of the Varzob and
Khanaka rivers (A in Fig. 2). It overlies unconformably
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Fig. 1. Paleozoic sialic blocks in the Tien Shan structure. (7) Kazakhstan-Kyrgyz; (2) Alai-Tarim; (3) Kara Kum, (4) sutures
(T§ = Turkestan, GS = South Hissar); (5) Paleozoic rocks; (6) main shears (TF = Talas—Fergana, Dz = Dzungaria).
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Permian paleomagnetism of the Tien Shan
s Age
Fligémzl,n% Py ofgmagnetization L deg | D, deg |ags, deg|RE, deg| XZ.deg |RT,deg| c | &, deg [Reference

A P, a 39 325 5 51 86+5 31 - | 6613 | [26]
B P, b 48 8 4 49 4126 31 - | 23%13] (26]
c P, a 41 327 4 52 85+4 3t + | 5413 (6]
D P b 43 36 3 52 164 - - - 27]
E p b 46 55 4 56 14 - - - i23]
F P a 48 343 6 56 73%8 34 —- 1 51%15 [23]
G P b 49 33 4 55 22%5 33 -1 0x14 | [23]
H C a 50 48 5 61 137 - - - [39]
I P, b 62 343 4 57 74+8 38 —|55x16 | [35]
J P, b 59 7 6 58 5110 38 — | 3tx18 | [33]
K P, b 55 19 7 55 369 36 - | 17| (32]
L P a 50 28 5 52 247 - - - 131}
M Py a 58 32 3 56 2445 - - - [36]
N P, a 44 42 10 56 14+11 - - - [24]
0 P, a 41 34 6 56 2215 - - - [24]
P P a 43 354 5 35 616 33 - {391t14 | [25]
R P a 41 295 10 53 118+ 11 33 + | 8817 | [25]
R P Kun-Ufi b 58 0 4 53 53+8 33 + {2314} [25]
S P, a 36 299 6 53 1147 32 + | 8314 [25]
T P, a 48 312 6 53 10¥ +8 32 + | 70+15 ] f25]
T P Kun-Ufi b 57 350 5 53 6319 32 + 132415 {251
) P, a 61 362 6 53 11110 31 + | 79x16 | [25]
u P Kun-Ufi b 55 350 8 53 63113 32 + | 3217 [25]
v Py a 54 325 4 53 8846 32 + | 5714 | [25]
W P a 40 292 6 53 1217 31 + | 8914 | {25}

Note: 1, D, paleomagnetic inclination and declination; a5 , radius of confidence circle; RE. paleomeridian direction relative to the Permian

European pole [38); Z. counterclockwise rotation angle of paleomagnetic declination relative to the Permian Europcan pole; RT,
paleomeridian direction relative to the Permian Tarim pole determined on the basis of data acquired at localities L-O (Fig. 2); c, cor-
rection for rotation of the Western Tien Shan in the Cenozoic (¢ = 10°); 8, counlerclockwise rotation angle of paleomagetic declina-
tion relative to the Permian Tarim pole corrected for “c.” This angle reflects rotation of paleomagnelic declination within shear zone
of the Tien Shan relative to the “frame” in the Lale Permian—Early Mezozoic; a and b, see text.

the deposits with Late Carboniferous brachiopods. The
formation contains fossil plants that existed in the Late
Carboniferous and Early Permian. The rocks of the
Khanaka Formation were studied in the valicy of the
Khanaka River (B in Fig. 2). This formation contains
fragments of rocks of the Luchoba Formation and some
Early Permian flora {15, 16]; the formation might also
contain some Upper Permian deposits.

At the northern foothills of the Alai Range (Guzan
Mts.) (V in Fig. 2), tuffaceous rocks of the Burgana For-
mation were examined, and their Asselian age was deter-
mined based on foraminifers. In the Gal’chabashi Mits.
(W in Fig. 2), terrigenous deposits with foraminifers of
Asselian age and terrigenous redstone rocks (Gal’cha-
bashi Formation) overlaying them with minor angular
No. 3 1997
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unconformity were studied. The latter contains Per-
mian flora [13].

In the Chatkal Range, our studies also covered two
localities. In the Gavasai River—Koksarek River inter-
fluve (U, Fig. 2), volcanic deposits of the Shurabsai and
Ravash formations were studied. The lower section of
the Shurabsai Formation is composed of sedimentary
rocks with Asselian and Sakmarian foraminifers and
Early Permian flora [15]. In the upper volcanic part of
the sequence, some Early Permian plant fossils were
also collected [3]. The Ravash Formation overlies, with
a hiatus, the Shurabsai Formation and is overlain with
angular unconformaty by deposits with Kazanian flora
of the Upper Permian.
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Fig. 2. Axes of Late Paleozoic F, folds (heavy lines) and localities of paleomagnetic studies of Permian rocks (A-W) in the Tien

Shan. Areas of Paleozoic rocks are showed by thin line.

In the Chatkal Range, no fossils were reported from
rocks of the Ravash Formation; in the Kurama Range, the
latter contains flora suggesting a Kungurian-Ufimian age
for the sequence [15]. In the Kassan graben (T, Fig. 2), we
studied rocks of the Shurabsai Formation and varicol-
ored tuffaceous deposits that overlie them with a break
and are correlatable with lower horizons of the Ravash
Formation.

In the Baubashata Mts., in the valley of the Karasu
River (R, Fig. 2}, terrigenous rocks of the upper section
of the Kelemata Formation and of the Karasu Forma-
tion were examined. The Kelemata Formation uncon-
formably overlies Asselian limestones and contains
fragments of limestones with Sakmarian foraminifers,
Upsection, the Kelemata Formation is conformably
overlain by the Karasu Formation, which contains fos-
sils of the Kungurian—Ufimian age [15}. The rocks of
the Kelemata Formation were also studied in the valley
of the Sarybel’ River (S, Fig. 2).

During the 1960s—1980s, in the western Tien Shan
different investigators carried out paleomagnetic stud-
ies of Paleozoic rocks without complete magnetic
cleaning or component analysis. We do not use these
data for tectonic constructions because they are not suf-
ficiently reliable.

The central Tien Shan occupies the area from the
- Bol’shoi Karatau Range and Fergana Range in the west
to the Khan Tengri massif in the east. In the northwest-
ern part of this area, at the foothills of the Malyi Kara-
tau Range near Lake Tuzkul’ (D, Fig. 2), terrigenous
deposits of the Tuzkul’ Formation were studied. They
contain plant fossils, suggesting a Kungurian—Ufimian
age of the rocks {27]. Farther southeast on the Mold-
otau (P, Fig. 2), Sonkel’tau (G, Fig. 2), and Kyrgyz
ranges (F, E, Fig. 2), volcanic rocks of the Ashul’kator

Formation were examined. The formation unconform-
ably overlies deposits with Late Carboniferous flora.
On the Kyrgyz Range, it contains spores and pollen of
Permian age [3]; on the Moldotan Range, plant fossils
of Sakmarian—Artinskian age [15]; in the more south-
ern areas, at the base of the formation, Early Permian
foraminifers are found [4]. The upper age limit of these
deposits might correspond to the Late Permian.

Our collection of Permian rocks from the western
and central Tien Shan was put to paleomagnetic study,
including stepwise thermal cleaning (10-17 steps) to
680°C, and to component analysis. These studies are
described in [23, 25-27], and the results are given in the
table. In the studied collections, magnetization is older
than any deformations and may have originated when
the rocks were formed. The only exception is the Guzan
arca (V, Fig. 2), where magnetization was formed dur-
ing the Permian folding.

Eastern Tien Shan and Tarim platform. Near the
southern border of the eastern Tien Shan (K, Fig. 2),
paleomagnetic data were obtained for terrigenous rocks
of the Tatarian Stage of the Upper Permian [32]; near
its northern border, (1, I, Fig. 2) Upper Permian volca-
nic and terrigenous rocks were studied {33, 35]. To the
north of the eastern Tien Shan, in Carboniferous rocks
of northern Dzungaria (H, Fig. 2) the synfold paleo-
magnetic component was separated, which might be
Permian [39]. At the northern margin of the Tarim plat-
form in the zone of the Kelpin (Kepin) deformations,
limestones with Early Permian fauna (M-O, Fig. 2)
were studied and at one locality (L, Fig. 2) basaltic
dikes intruding these deposits [24, 31, 36] were exam-
ined.

Discussion. An analysis of paleomagnetic declina-
tions allows us to draw the following conclusions,

GEOTECTONICS Vol. 31 No. 3 1997
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Fig. 3. Declination of remanent magnetization in Permian rocks of the Tien Shan. (/) Paleomagnetic declinations: directions a are
Early Permian, Artinskian inclusive, and age interval of the b directions includes the Kungorian and the Late Permian; R, direction
of the Early Permian paleomeridian, calculated on the basis of the European pole [38]; 2) zone where palcomagnetic declinations
were rotated relative to the European palecmeridian through an angle greater than 25°.

which must be taken into account while studying tec-
tonic deformations.

(1) All paleomagnetic declinations were rotated
counterclockwise relative to the Permian paleomagnetic
pole determined by the European data [38]. In the north-
ern peripheral part of the Tien Shan (point D, Fig. 3), in
northern Dzungaria (point H), and on the Tarim plat-
form (points L-O), the rotation angle equals 15°-25° or
fess (point E). In the inner part of the Tien Shan, this
angle is considerably larger and in places exceeds 100°
(points R, 8, T, U, W). Two regions are distinctly sepa-
rated: the “frame,” where the rotation angle does not
exceed 25°, and the inner zone, where paleomagnetic
declinations were rotated through larger angles. This
zone is nearly 300 km wide and continues along the
Tien Shan from the city of Dushanbe in the west to the
city of Urumchi in the east (Fig. 3).

(2) The paleomagnetic directions obtained can be
divided into two age groups (table, Fig. 3). Group a is
Early Permian, Artinskian inclusive in age, and group
b spans an age interval from the Kungurian to the
Late Permian. The majority of paleomagnetic results
are reliably referred to one or another age group; in
some cases (points G, H, E, L), age group was deter-
mined arbitrarily. The studies carried out in northern
Fergana (points R, T, U) showed that the group a Early
Permian paleomagnetic declinations were rotated
counterclockwise relative to the group b declinations
through an angle of 45°-65° (Fig. 3. table). Conse-
quently, rotation through that angle occurred in the
Early Permian, in the Artinskian-Kungurian time. Data

GEOTECTONICS . Vol. 31

No. 3 1997

obtained for the Hissar Range (points A, B), where the
Permian paleomagnetic directions of various ages are
also distinguished, confirm this conclusion and allow
us to expand it over most of the western Tien Shan. The
remaining part of the rotation falls on the Late Permian
and later time.

(3) The total rotation of paleomagnetic vectors (Z in
the table) consists of several components. We may dis-
tinguish the [ component—rotation of all paleomag-
netic vectors (including the “frame™) through 15°-25°
relative to the Permian European paleomeridian, and
the ¥ component—rotation in the inner regions of the
Ticn Shan relative to the “frame.” The § component is
the background rotation recorded throughout the study
area, and ¥ component is the rotation in the inner zone
minus the background rotation.

In order to define the inner deformations of the Tien
Shan, we will consider rotation of paleomagnetic dec-
linations relative to the Permian magnetic pole, as cal-
culated on the basis of results from the “frame” rock
study. This pole (here named Tarim) is determined by
data received at localities L-O (Fig. 2) at the margin of
the Tarim platform. It has coordinates: 61.0°N, 177.3°E
(ags = 9.2°%; accuracy C = 101). Angle between the pale-
omeridian corresponding to this pole and magnetic dec-
lination determines the value of the ¥ component of
rotation in each point.

The ¥ component is also heterogeneous. It reflects
rotation that occurred from the Early Permian until
present. The paleomagnetic study of the Paleogene
rocks shows that, since the Paleogene, the area of the
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Fergana block of the western Tien Shan, where locali-
ties R-W (Fig. 2) occur, rotated counterclockwise rela-
tive to the central Tien Shan [2, 37]. The rotation angle
for the Fergana block since the Paleogene according to
these data is in the range 10°-30°. The rotation of the
Fergana block is compensated for by crustal thickening
in the Chatkal area, where the crust is as thick as 60 km
{19, 21]. The correlation between these two phenomena
(block rotation and compensatory thickening of the
crust) limits the rotation angle of the Fergana block in
the post-Paleogene time to 10° [2]. Introducing this
correction for the Cenozoic rotation (c = 10°), we deter-
mined the 8 component, which reflects rotation of pale-
omagnetic vectors in the Permian or in the Permian—
Early Mesozoic relative to the Tarim pole (tabie).

(4) The origin of the background rotation (3 compo-
nent) may be different. In the Permian, sialic blocks
(mostly fragments of former island arcs) that make up
the earth’s crust in Kazakhstan and Tien Shan contin-
ued to move relative to each other and to Europe and
Siberia [22, 34}. These displacements may have been
accompanied by rotation of blocks and of their amal-
gamations, The B component might reflect these pro-
cesses. In our case, the entire region was rotated as a
unit. It is possible, however, that the background rota-
tion is caused by inner regional reasons, which also
account for the g component of rotation. Specifically,
within the “frame” at the northemn periphery of the Tien
Shan and on the deformed margin of the Tarim plat-
form, the same processes (which will be discussed
below) as within the shear zone, although on a lesser
scale, took place. In this case, the inner zone and its
“frame” will only differ in the intensity of similar-type
deformations. Solution of this problem depends on the
still scarce paleomagnetic data for areas adjacent to the
Tien Shan.

While analyzing the processes within the Tien Shan,
this problem is of little importance. At the same time,
the mentioned uncertainty in the position of the Per-
mian paleomagnetic pole for the Tien Shan reduces the
precision of spatial positioning of the region on paleo-
tectonic reconstruction. In the reconstruction presented
below (Fig. 6), we preferred the first variant of the solu-
tion of this problem and oriented the reconstruction
with respect to the Tarim pole. To position the recon-
struction relative to the European pole (if the second
variant is preferred), it is necessary to rotate it counter-
clockwise through 20°,

ALKALINE MAGMATISM
AND STRESS FIELD IN THE PERMIAN

Paleomagnetic studies showed that in the Permian
most of the Tien Shan was occupied by a zone in which
counterclockwise mass rotation occurred. This indi-
cates that a sinistral shear stress field governed.

The Permian period differs from the previous and
following ones in featuring widespread alkaline mag-
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matic rocks (Fig. 4), which may be considered an indi-
cator of tensional conditions in the earth’s crust. Let us
determine the boundaries and some features of the
inner structure of this extension area based on distribu-
tion and intensity of the alkaline magmatism.

Western Tien Shan. In the western Tien Shan, alka-
line magmatic rocks are most widespread on the Alai,
Chatkal, and Kurama ranges.

On the Alai Range (5, Fig. 4), the numerous alkaline
intrusions are united in three magmatic complexes [11].
The Alai complex is found at the watershed of the
range. It is composed of alkaline syenites and nepheline
syenites (phase 1) and granosyenites, alkaline granites,
syenites, and quartz syenites (phase 2). These rocks
intrude deposits of different age to the Early Permian
inclusive. Intrusions of the Zardala complex occur on
the northern slope of the range. Three emplacement
phases are recognized: gabbro and monzonite (phase I},
alkaline syenite, monzonite, and essexite (phase II),
and nepheline syenites (phase IH). The youngest depos-
its cut by these intrusions are Late Carboniferous. In
the eastern part of the Alai Range, the Kichikalai mag-
matic complex is identified. It is composed of grano-
diorites, syenito-diorites, and monzonites, cutting the
Early Permian rocks.

To the west and southwest of the Alai Range, the
Permian alkaline intrusions abruptly decrease in vol-
ume and size. Small bodies of alkaline magmatic rocks
are found on the Karategin (3, Fig. 4), Turkestan (4),
Zeravshan (1), and Hissar ranges (2). On the south
slope of the Hissar Range, alkaline lavas of Early Per-
mian age are also found: trachyandesites occur among
felsic volcanic rocks of the Luchoba Formation, and
trachyandesibasalts, trachyandesites, and their tuffs
occur intercalated in the Khanaka Formation [15].

On the Chatkal (7, Fig. 4) and Kurama ranges (6)
Permian volcanic rocks are widespread (the Oyasai,
Shurabsai, Ravash, and Kyzylnura formations). Their
thickness exceeds 5 km. In these formations, trachyba-
salts, trachyandesites, trachytes, trachyrhyolites, and
their tuffs alternate with felsic and intermediate volca-
nic rocks. In the lower part of the sequence, alkaline
rocks account for 50% of the thickness; in the middle
part, for 80%; and in the upper part, their amount
decreases. In the lower part of the volcanic sequence,
Asselian foraminifers are found, in the middle part, ver-
tebrate and flora fossils of Permian age occur, and in the
upper part, plant fossils dating to the Late Permian and
Early Triassic were collected [18]. Volcanic rocks are
accompanied by alkaline subvolcanic bodies and intru-
sions. Among the intrusions, monzonites and syenites
prevail, whose formation occurred in several phases.

In the northern part of the study area, on the western
spurs of the Talas Range (8, Fig. 4), volcanic rocks of the
Daubaba Formation with a considerable propostion of
trachybasalts and trachyandesites are present [12]. This
formation contains spores and pollen of Perrnian age [1].

GEOTECTONICS No. 3
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Fig. 4. Permian alkaline magmatism in the Tien Shan. (/) Alkaline intrusions; (2) alkaline volcanic rocks; (3) area of the alkaline
magmatism; (4) main shears; (5) zone of intcnse shear siresses based on rotation of Permian paleomagnetic vectors. Numbers 1-22

in the figure are explaincd in text.

Central Tien Shan. In the northwestern part of this
region, Permian alkaline rocks are known to occur on
the Tatas Range (14, Fig. 4), where they form the Kurgan
complex of minor intrusions and dikes. The trachytes,
trachyandesites, syenites, and alkaline syenites were
emplaced in six phases [11]. Farther north, on the Malyi
Karatau Range (9, Fig. 4), similar rocks are absent.

Further south on the Takhtalyk Range (10, Fig. 4)
and Akshiirak Range (11), alkaline rocks compose the
Shamator magmatic complex. It shows two emplace-
ment phases and is composed of essexites and monzo-
nites (phase I} and syenites (phase 1I). On the Akshiirak
Range, the monzonites intrude Upper Carboniferous
deposites. K-Ar radiometric determinations on biotite
date this complex to the Permian [11].

On the Susamyr (15, Fig. 4), Dzhumgol (16), and
Kyrgyz ranges, intrusions of the Ortotokoi complex
occur. This complex is composed of four magmatic
phases [11]: syenites and nepheline syenites (I and ),
syeno-diorites (II), and granosyenites (phase 1V).
These rocks intrude Upper Carboniferous deposits. In
the eastern part of the Kyrgyz Range (17, Fig. 4) and
south and east of this area, on the Kungei (18, Fig. 4)
and Zailiiskii ranges (19), Permian volcanic~terrige-
nous deposits of the Ashulkator Formation occur, It
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shows trachybasalts, trachytandesites, and trachytes
occurring among felsic and intermediate rocks [4].
These deposits are cut by intrusions of the Kokmoinok
complex that shows two emplacement phases: monzo-
nites and syeno-diorites, and granosyenites [11].

Further east in the Ketmen’ Range (20, Fig. 4}, an
alkaline intrusive complex comprising granosyenites,
syenites, syeno-diorites, and monzonites is present.
The intrusions cut Lower Permian deposits. North of
the Ili River, at the western foothils of the Borokhoro
Range (21, Fig. 4), only rare layers of trachyandesites
of the Zheldykora Formation [1] are found among vol-
canic—terrigenous sequence with Permian flora. Further
north on the Dzungaria Range (22, Fig. 4), no Late
Paleozoic alkaline rocks are known to occur.

In the southern part of the central Tien Shan, on the
Atbashi (12, Fig. 4) and Kokshaal ranges (13), intru-
sions of the Surtekin complex are present. They consist
of essexites, monzonites, shonkinites, and syenites. In
the Atbashi Range, four intrusive phases are deter-
mined [7]. The youngest deposits intruded by these
rocks are Late Carboniferous—Early Permian.

Eastern Tien Shan. In the eastern (Chinese) Tien
Shan, alkaline rocks are absent everywhere. Only in the
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southwestern part of this area small bodies of alkaline
gabbro, supposedly Cenozoic in age [30], occur.

Conclustons. The area where the Permian alkaline
magmatic rocks occur includes the western and central
Tien Shan. Farther west (in the Kyzyl Kum) and east (in
the eastern Tien Shan), the alkaline magmatism is not
exhibited. 1t manifested itself most intensely on the
Alai, Chatkal, and Kurama ranges in the western Tien
Shan. In the northern part of the Tien Shan orogen, the
Permian alkaline magmatism wanes, and is absent in
the northern peripheral ranges (Kazakhstan and Dzun-
garia).The southern limit of the Permian alkaline mag-
matism coincides with the boundary between the Tien
Shan Pateozoides and the Tarim piatform, the Pamirs,
and the Kara Kum block.

The alkaline magmatic rocks formed over a long
period of time. This is confirmed by the great thickness
of volcanic sequences and polyphase character of the
alkaline intrusions. At the same time, neither strati-
graphic data nor radiometric determinations allow con-
straining this magmatism within the Permian period or
determining its absolute duration.

Aikaline magmatism is considered an indicator of
extension conditions in the earth’s crust. On the basis of
the data presented, we arrive at the conclusion that on
the site of the western and central Tien Shan a wide
extension zone existed in the Permian. It did not cover
the Kyzyl Kum or eastern Tien Shan, or the northern
peripheral areas of the mountain country. Taking into
account the intensity of the alkaline magmatism, we
may conclude that the eastern half of the western Tien
Shan experienced the greatest extension.

LATE PALEOZOIC DEFORMATIONS
OF THE TIEN SHAN

The Late Paleozoic deformations of the Tien Shan
are due to the interaction of sialic blocks—Kazakh-
stan-Kyrgyz, Alai-Tarim, and Kara Kum. The defor-
mations began in the Moscovian Age as a result of the
closure of oceanic basins (first the Turkestan Ocean and
then the South Hissar Ocean) that previously separated
the sialic blocks. The colliding sialic blocks were
deformed, and a fold system emerged. Its formation
was a long-term process that continued into the termi-
nal Paleozoic. In this process, we can distinguish sev-
eral stages [9, 28, 29]. The first two deformational
stages terminated at the beginning of the Permian. They
will be briefly described in order to give a complete pic-
ture. The conclusions obtained through the analysis of
the alkaline magmatism apply to the processes that
occurred since the beginning of the Early Permian and
paleomagnetic data apply to those since the end of the
Artinskian or since the Kungurian Age.

Stage D,. The first result of the convergence and
subsequent collision between the Tarim-Alai and
Kazakhstan-Kyrgyz sialic blocks was the formation of
a nappe system. This process began at the margin of the
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closing Turkestan ocean and then migrated onto the
continental slope and shelf of the Tarim-Alai continen-
tal block. Most nappes were formed in the Moscovian;
in places, however, this process continued into the end
of the Carboniferous or the beginning of the Permian.

Stage D,. At this stage, thrust sheets, the autoch-
thon, and rocks of magmatic arcs, forearc basins, and
intraarc sediment basins were folded into F; folds asso-
ciated with overthrusts and reverse faults. The F, folds
trend conformably with the suture of the Turkestan
Ocean. The age of the D, deformation is Late Carbon-
iferons and Early Permian.

Stage D, includes the Early Permian and a part of the
Late Permian. The transition from stage D, to stage D5 is
due to a change in the stress field. The F, folds origi-
nated at the previous deformational stage under com-
pression at right angles to the fold axes. At stage D;,
folds F, were folded into a sinistral horizontal fiexure
that formed in a shear stress field (Fig. 5).

The paleomagnetic studies allow us to determine the
limits of the zone where paleomagnetic vectlors are
rotated counterclockwise relative to the “frame.” The
limits of the field of intense sinistral stresses were thus
determined. The zone of these stresses and ensuing
deformations extends along the Tien Shan and is nearly
300 km wide (Fig. 3).

The Fergana horizontal flexure is located within the
sinistral shear zone and was studied by paleomagnetic
method [13, 14]. In the rocks of the Moscovian and
younger stages of the Carboniferous system, the low-
temperature prefold (?7) magnetization component is
recognized whose declination within the horizontal
flexure reveals a dependence on the trend of F, folds.
Unfortunately, the incomplete cleaning of the collec-
tion and the peculiarities of treatment of paleomagnetic
data and presentation of results render the conclusions
based on these data unreliable.

Localities R and S of our study are within the clos-
ing limb of the Fergana horizontal flexure (Fig. 2). As
the flexure formed, this limb rotated counterclockwise
through a large angle, possibly greater than 90° (Fig. 3).
Early Permian magnetic declinations at localities R and S
differ slightly from those at localities A, C, V, and W
outside the horizontal flexure. Paleomagnetic compo-
nent a at localities R and S is Artinskian in age. Conse-
quently, the upper age limit for emergence of the hori-
zontal flexure is Artinskian. The lower age limit is set
by the age of deformed deposits and coincides with thie
Early Permian.

In the Permian, an area of crustal extension recorded

by alkaline magmatism came into existence (Figs. 4, 5).
This area fits well into the stress system within the
shear zone. In similar conditions, strong extension
commonly results in sag, termed pull-apart depression.
The area of alkaline magmatism came into being on the
site of and succeeded such a depression. This can be
explained by the fact that it occurs above collision zones
and involves a relatively small amount of extension.
GEOTECTONICS  Vol. 31
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At the same time, as it was shown above, the extension
was more intense in the eastern half of the western Tien
Shan. In the same area, the rotation angles determined
from paleomagnetic data were maximum.

Thus, in the Permian, over most of the Tien Shan
there existed a sinistral shear zone where rock masses
rotated counterclockwise. Rotation was realized
through plastic deformations (the formation of the Fer-
gana horizontal flexure) and, probably, through longitu-
dinal horizontal tectonic flow that encompassed the
entire shear zone. This tectonic flow may have caused
the counterclockwise rotation of the Permian paleo-
magnetic vectors, which is not reflected in the mega-
structure of the study area. The reason for this rotation
of paleomagnetic vectors must be rotation of tectonic
blocks.

Thus, the D4 stage falls into two epochs, with dis-
tinctive deformation styles. In the early epoch (Dsa,
Sakmarian—Artinskian), plastic deformation prevailed,
and later (epoch D;b), longitudinal tectonic flow did.
Against the background of these processes, the shear
zone became the site of an extension area with alkaline
magmatism. The stress field during stage D; did not
change, and these epochs may have partially over-
lapped one another.

Of interest are the results of magma source recon-
struction for the Late Paleozoic magmatism of the
Chatkal-Kurama area based on the K,O content varia-
tion in the magmatic rocks [17]. The magma source
region was an inclined zone that in the Early Permian
rotated counterclockwise around a vertical axis.

Most likely, the sinistral shear stress zone arose, as
the Kara Kum block coltided obliquely with the already
amalgamated Tien Shan continental block (Fig. 6).
After collision in the Late Carboniferous, the Kara
Kum block was translated along the boundary of the
Tien Shan block, initiating sinistral shear stresses in its
Crust.

The rotation angles of declinations of the Early Per-
mian magnetization in the western Tien Shan are larger
than in the central Tien Shan. This effect is partially
explained by the rotation of the western Tien Shan in
the post-Paleogene time, However, this effect consid-
ered, the tendency (see table) for rotation angles to be
larger in the western part of the Permian shear zone
than in the eastern part remains unchanged. This seems
natural, if we accept the hypothesis that the shear
stresses resulted from interaction of the Kara Kum and
Tien Shan sialic blocks. Their collision occurred in the
west (in present geographical coordinates). Then, the
Kara Kum block, moving along the boundary of the
Tien Shan block, entrained the Tarim massif, which
split off of the Tien Shan and was transported to the east
(Fig. 6). The sinistral shear and associated horizontal
flexures were discovered on the Kokshaal and Saryd-
zhaz ranges at the boundary between the Tien Shan and
the Tarim massif [5, 20]. According to this model, shear
stresses propagated from west to east, and the stress
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Fig. 5. Scheme of formation of the Late Paleozeic Tien Shan
structure at the Dy—D, stages (plan view). (7) Strike of the Fy
folds; (2) area of the Permian alkaline magmatism; {3) main
shears (TF = Talas-Fergana, Dz = Dzungaria); (#) main
thrust faults. Stress system is shown by large arrows; rota-
tion direction, by round arrows. N, direction of the Permian
magnetic pole.
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Fig. 6. Scheme of interaction of Paleozoic sialic blocks.
{(1-3) Sialic blocks: (I} Kazakhstan—-Kyrgyz, (2} Alai-
Tartim (A = Alai, T = Tarim}, {3) Kara Kum; (4} zone of
shear stresses and strains.

field in the west must have originated earlier, existed
longer, and must have been more intense.

Stage D,. At this stage, all the previously formed
structures were cut by diagonal shears and thrust faults,
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the latter involving horizontal and vertical drag folds.
The bends of the Fergana horizontal flexures con-
verged, and the flexure was compressed and folded
[8-10, 29]. The D, faults affect structural forms of alt
the preceeding deformation stages and deposits to the
Late Permian inchisive (Ufimian—Kazanian).

The D, deformations were due to compression
stresses directed almost across the fold system. The
stress field may have had a transpressional nature,
involving both compressional and sinistral shear ele-
ments. The existence of sinistral shear is evidenced by
the counterclockwise rotation of the magnetic declina-
tions measured for Triassic rocks [26, 32].
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